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The trap states in three fuUerene derivatives, namely PCeiBM ([6,6]-phenyl C61 butyric acid 
methyl ester), bisPCeiBM (bis[6,6]-phenyl C61 butyric acid methyl ester) and PC71BM ([6,6]-phenyl 
C71 butyric acid methyl ester), are investigated by thermally stimulated current measurements 
(TSC). Thereby, the lower limit of the trap densities for all studied methanofullerenes exhibits 
values in the order of 10^^ m~^ with the highest trap density in bisFCeiBM and the lowest in 
FCeiBM. Fractional TSC measurements on FCeiBM reveal a broad trap distribution instead of 
discrete trap levels with activation energies ranging from 15 meV to 270 meV and the maximum 
at about 75 meV. The activation energies of the most prominent traps in the other two fuUerene 
derivatives are significantly higher, being at 96 meV and 223 meV for FC71BM and 184 meV for 
bisFCeiBM, respectively. The infiuence of these findings on the performance of organic solar cells 
is discussed. 
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1. INTRODUCTION 

Methanofullerenes are the most commonly used elec- 
tron acceptors in organic bulk heterojunction solar 
cells [T]. The first use of fuUerene and its derivatives 
in organic photovoltaics (OPV) was introduced in [21 [3]. 
Since that, the methanofullerenes became the main type 
of acceptors in OPV. Also in the current record organic 
solar cell with efficiency of 8.3 % [J a methanofuUerene 
is used as acceptor. The advantages of methanofullerenes 
are that they can be easily processed from solution, pos- 
sess high electron affinities and form segregated phases 
in blends with common donor polymers. Furthermore 
the used methanofullerenes yield good electron mobili- 
ties. For example, space-charge limited current mobil- 
ities for electrons of 2x10"'^ cm^/Vs in PCgiBM diode 
structures are reported ^. 

To further enhance the power conversion efficiencies of 
organic solar cells, a recent approach is to use multiple 
adduct fuUerene derivatives [HIT], such as bisPCgiBM. 
Multiple side chains on the fuUerene cage lead to an in- 
crease of the lowest unoccupied molecular orbital result- 
ing in a raise of the open circuit voltage. 

Despite the importance of methanofullerenes, little at- 
tention was paid to thin films of the pure materials except 
the mobility measurements in n-type [51 IH] or ambipo- 
lar [iniHI] transistors and methanofuUerene diodes [SIE]- 

Recently, quantum chemical and voltammetric studies 
have been performed for PCgiBM and its higher fuUerene 
adducts [11], revealing a variety of HOMO and LUMO 
energies for the adducts with multiple side chains, due to 



the different isomers they consist of. 

Lenes et al. [13] investigated electron-only devices 
based on fuUerene derivatives and a variety of their 
bisadducts blended with poly(3-hexylthiophcne) by 
current -voltage measurements. The lower currents of the 
devices with bisadducts were attributed to shallow trap- 
ping. This conclusion was supported by device simula- 
tions introducing a distribution of traps, which enabled 
to fit the current-voltage curves. 

Although, trap states can have a significant infiuence 
on the performance of organic solar cells, as they can 
act as recombination centers, lower the mobility and dis- 
turb the internal field distribution, direct identification 
of the trap states in methanofuUerene films has not been 
performed so far. 

In this paper we investigate the trap states in three 
commonly used fuUerene derivatives, namely PCeiBM, 
PC71BM and bisPCgiBM, by thermally stimulated cur- 
rent measurements. 
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2. RESULTS AND DISCUSSION 
2.1. Experimental Results 

The current-voltage characteristics of the investi- 
gated samples are shown in Fig. [l] The device cur- 
rents in forward bias of bisPCgiBM and PC71BM are 
lower compared to PCgiBM, with the lowest current for 
bisFCeiBM. 



1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 




1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 



-2-10 1 2 

voltage [V] 

FIG. 1: Dark IV-curves of PCeiBM, bisPCeiBM and 
PC71BM diodes at room temperature. The diode structures 
were ITO/PEDOT:PSS/PCBM/LiF/Al and the thicknesses 
of all methanofuUerene layers were about 200 nm. 

The TSC spectrum of the FCeiBM sample is shown 
in Fig. [2] (black line). In this experiment, the current is 
measured upon warming up the device (see Experimental 
part). TSC behavior is observed between 18 K and 160 K 
with the maximum at about 55 K. No additional TSC 
peak can be detected at higher temperatures up to room 
temperature. Already at 18 K a small current of about 
0.5 pA can be measured, indicating a release of trapped 
charge carriers. In addition to the maximum of the TSC 
spectrum at 55 K, small shoulders can be seen on the low 
temperature side (at about 25 K) as well as on the high 
temperature side (at about 90 K). The shape of the TSC 
spectrum indicates a trap distribution instead of discrete 
trap levels. A lower limit of the trap density uj can be 
obtained by integrating the TSC spectrum over the time, 
according to the inequality [14] : 



Irsc'dt < entV 



(1) 



peak 



with the elementary charge e and the sample volume 
V . The inequality (IT]) is justified by the fact that the 
estimated trap density is only a lower limit of the ac- 
tual one. Incomplete trap filling, partial detrapping of 



charges during thermalization and recombination of the 
detrapped charge carriers of opposite signs are reasons 
therefor. According to inequality (IT]), the lower limit of 
the trap density of FCeiBM yields rit > 1.7x10^^ m"^. 
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FIG. 2: Standard TSC spectrum of PCeiBM (black hne) 
as well as the fractional TSC spectrum by the Tstart-Tstop 
method for different Tstop- 

To get further information about the trap distribution 
we applied fractional TSC measurements, the so called 
Tstart-Tstop method [El [16]. The illumination and ther- 
malization of the sample was performed under the same 
conditions as for the standard TSC measurement, but 
instead of ramping the whole temperature range, the 
sample was only heated to a certain temperature Tstop 
(prerelease). Afterwards, the sample was cooled down to 
Tstart (18 K) and without further trap filling the whole 
TSC scan was performed (main run). This procedure 
was repeated for different Tstop : ranging from 25 K to 
120 K in steps of 5 K. Then, a standard TSC spectrum 
was recorded again, to ensure that no degradation of the 
sample during the measurements occurred. This TSC 
spectrum (not shown) is identical to the initial measure- 
ment. Therefore, a degradation of the sample during 
the Tstart-Tstop cycles can be excluded. The main runs 
of the fractional TSC for different Tstop are shown in 
Fig. [2] The shoulder at low temperatures becomes less 
pronounced for increasing Tstop due to emptying of the 
shallower traps during the prerelease and disappears for 
Tstop > 35 K. The height and position of the main peak is 
unaffected by the prerelease up to 40 K. For higher Tstop 
the peak maximum of the TSC decreases and shifts to 
higher temperatures. The maximum position of the TSC 
(Tmax) is plotted vs Tstop in Fig.[3]i (triangles), showing 
a linear dependence for Tstop > 40 K of slope ^ 1. A dis- 
crete trap level, in contrast, would result in a constant 
maximum temperature, since only the number of trapped 
charges changes with Tstop but not the activation energy; 
therefore the TSC peak would remain at the same posi- 
tion. On the other hand, a series of trap levels, with 



well separated TSC peaks, would result in a staircase in 
the Tmax-Tstop plot, with a flat region for each trap level. 
The closer are the trap levels and the more the TSC peaks 
overlap, the smoother becomes the staircase. A linear de- 
pendence of Tmax on Tstop, as seen in Fig. Isk, is due to 
closely overlapping or a quasi-continuous distribution of 
TSC peaks [TTIHH] and reflects a quasi-continuous distri- 
bution of trap states in PCeiBM. With increasing Tstop 
the shallower traps get emptied and the influence of the 
deeper trap states on the TSC peak becomes stronger, 
resulting in a shift of the maximum to higher tempera- 
tures. 
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above 80 K. The advantage of the initial rise method is 
that it can be applied without further knowledge of the 
kinetics of the TSC (i.e., if there is slow or fast retrap- 
ping of the charge carriers) 20J. The obtained activation 
energies are shown in Fig. pp (squares). They show a 
good linear dependence on Tstop, therefore, we linearly 
extrapolated the activation energies to estimate them in 
the range of Tstop > 80 K. 

Applying inequality (llj) to fractional TSC measure- 
ments, the trap densities for each Tstop interval can be 
estimated. These can be related to the activation en- 
ergies extracted from the initial rise, as shown in Fig. |4j 
yielding a reconstruction of the density of occupied states 
(DOOS) [15 . The histogram displays a broad trap distri- 
bution ranging from 15 meV to 270 meV with the maxi- 
mum at about 75 meV. 
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FIG. 4: DOOS distribution of PCeiBM, as obtained by TSC 
Tstart-Tstop measurements. 



FIG. 3: (a) Temperature of the TSC peak maximum of 
PCeiBM for different Tstop in the fractional TSC (triangles). 
The linear dependence of Tmax on Tstop (for Tstop > 40 K) of 
slope ~ 1 (line) indicates a quasi-continuous distribution of 
traps, (b) Activation energies of the trap states in PCeiBM 
according to the initial rise method (Equation ^) for the 
different Tstop (squares) and the linear fit of the activation 
energies (line). For comparison the activation energies ob- 
tained by the Tmax method (Equation pl) are also shown 
(circles). 

The activation energies Et can be estimated from the 
exponential initial rise [19] of the fractional TSC mea- 
surements for each Tstop from: 



Itsc oc exp 



Et 
'k„T 



(2) 



where Itsc is the thermally stimulated current in the 
initial rise, ks the Boltzmann constant and T the tem- 
perature. Hence, the activation energies for Tstop < 80 K 
were determined from the Arrhenius plot, whereas the 
signal-to-noise ratio was too low for the cycles with Tstop 



The activation energy of the most prominent trap can 
also be approximately calculated using [2T| : 



Et = knT 



B-^ max 



In 



rpA 



13 



(3) 



Here, /3 is the heating rate used in the TSC measure- 
ments. This method (in the following called Tmax 
method) has also been used to estimate the activa- 
tion energies of trap states in poly(3-hexylthiophene) 
(P3HT):PC6iBM solar cells [22 and Ceo field effect tran- 
sistors [23J . The advantage of this method is that no time 
consuming fractional measurements are needed. How- 
ever, it only gives an approximation of the dominat- 
ing trap states, since otherwise distinct TSC maxima 
are needed. Nevertheless, to compare the trap states of 
different materials the information about the activation 
energies of the most prominent traps can be sufficient. 
Since the T^ax method is based on some assumptions 
and simplifications (e.g. retrapping of charge carriers is 
neglected) [201 [2] j we first compare the activation ener- 
gies of PCeiBM estimated by Equation (l3| with the re- 
sults of the initial rise method (Equation 12]) ). As can be 



seen from Fig. ^jp, the activation energy obtained with 
the Tmax method (circles) remains nearly constant for 
Tstop < 40 K. This constant value of about 86 meV is 
caused by the fact that at low Tstop the temperature 
of the TSC peak maximum does not change, since the 
dominant traps are not affected by the prerelease, as al- 
ready mentioned above. Hence, the activation energies 
obtained by the Tmax method are overestimated with 
respect to those from the initial rise method (squares), 
as the latter are dominated by the shallowest occupied 
traps. For Tstop > 40 K, the activation energy obtained 
from the Tmax method rises due to the emptying of the 
prominent traps and the enhanced contribution of the 
remaining deeper traps. The difference between both 
methods diminishes. 

By applying Equation ([3]) to a standard (non- 
fractional) TSC scan one gets the activation energy of the 
most prominent traps. Therefore, the value of 86 meV 
(Fig. Isb) has to be compared to the energy distribution 
maximum shown in Fig. I4J We may conclude, the Tmax 
method is a good approximation to gain the activation 
energy of the dominant trap states in methanofuUerenes. 

In addition to the investigations of PCgiBM we per- 
formed TSC measurements on bisPCeiBM and PC71BM. 
The spectra are shown in Fig. [5] with PCeiBM for 
comparison. Both, bisPCgiBM and PC71BM, yield an 
even broader TSC spectrum than PCgiBM, implying a 
broader trap distribution and higher activation energies. 
For bisPCgiBM two distinct maxima can be seen in the 
TSC spectrum, one at about 32 K and the dominant one 
at about 103 K, as well as a shoulder at about 160 K, 
indicating at least three different trap levels. PC71BM 
yields two maxima with almost the same height at about 
60 K and 120 K. 
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FIG. 5: TSC spectra of FCeiBM, bisPCsiBM and PC71BM 

To give an estimation of the activation energies of the 
traps in bisPCgiBM and PC71BM, we used the Tmax 
method according to Equation ^. The resulting ac- 



tivation energies of the distinct traps (the shoulder of 
bisPCgiBM is neglected), the corresponding tempera- 
tures of the TSC maxima, as well as the lower limits 
of the total trap densities are summarized in Table IT] 



sample 


trap density [m ^] 


J- max 


[K] 


Et [meV] 


PCeiBM 


> 1.7x10^^ 


54.9 




86 


bisPCeiBM 


> 2.3x10^^ 


32.4 
103 




45 
184 


PC71BM 


> 2.0x10^^ 


60.1 
121.4 




96 
223 



TABLE I: Lower limit of the trap densities of PCeiBM, 
bisPCeiBM and PC71BM, as well as the temperatures of the 
TSC maxima and the corresponding activation energies esti- 
mated by the Tmax method according to Equation ([3|. For 
bisPCeiBM and PC71BM Et and Tmax values of both peaks 
are shown. 



2.2. Discussion 

As summarized in Table llj bisPCeiBM exhibits a trap 
density rit > 2.3x10^^ m~^which is about 35 % higher 
than the value obtained for PCeiBM. Also the trap den- 
sity of PC71BM is higher than the one for PCeiBM. How- 
ever, we emphasize that the estimated trap densities are 
only lower limits. 

Furthermore, the three fullerene derivatives feature 
very different TSC spectra (Fig. [5]). BisPCgiBM yields a 
much broader TSC spectrum than PCeiBM. The small 
TSC peak of bisPCeiBM at about 32 K with corre- 
sponding activation energy of the traps of 45 meV is 
in good agreement with the low temperature shoulder of 
PCeiBM; it has therefore probably the same origin. How- 
ever, the most prominent trap in bisPCeiBM exhibits an 
activation energy of about 184 meV which is consider- 
ably higher than the activation energy of the dominant 
trap in PCeiBM of about 86 meV. The shoulder on the 
high temperature side of the bisPCeiBM TSC peak indi- 
cates the presence of a significant amount of even deeper 
traps. The high activation energies might originate from 
the mixture of isomers in bisPCeiBM. The lowest unoc- 
cupied molecular orbital energies for the different isomers 
range from -3.71 eV to -3.54 eV PJj, introducing a higher 
energetic disorder — where the lowest lying states may act 
as traps. Furthermore, due to the additional side chains 
a close packing of the buckyballs is inhibited, which may 
result in a higher spatial disorder, also introducing addi- 
tional traps. 

PC71BM yields two distinct peaks in the TSC spec- 
trum. The one at lower temperatures with an activa- 
tion energy of about 95 meV is quite similar to the main 
trap of PCeiBM. The second one yields high trap activa- 
tion energies of about 223 meV. Similar to bisPCeiBM, 
PC71BM also consists of multiple isomers (one major and 



two minor isomers) [H] which might be the origin of the 
deep traps. Furthermore, the PC71BM batch has a lower 
purity grade (>99 %) compared to PCeiBM (>99.5 %) 
and therefore a higher impurity concentration which can 
lead to a higher trap density. Another explanation for 
the higher trap density and the deeper traps compared 
to PCgiBM might be a higher disorder in PC71BM films, 
due to the spatial anisotropy of C70. 

The shapes of the TSC spectra (the shoulders in 
addition to the main peak) of the three investigated 
methanofuUerenes indicate that the trap distribution of 
each of the fullerene derivatives consists of at least three 
peaks. This is affirmed by the fractional TSC measure- 
ments on PCgiBM yielding a quasi-continuous trap dis- 
tribution between 15 meV and 270 meV. The TSC peaks 
of PC71BM and bisPCgiBM are even broader compared 
to PCgiBM, which is in agreement with the reported 
higher energetic disorder of bisPCgiBM [T^fTB] . 

The higher trap densities and activation energies in 
bisPCeiBM and PC71BM compared to PCeiBM are con- 
sistent with the observed lower currents in forward bias 
of these devices (Fig. III. In the case of bisPCeiBM this 
has also been observed before [13] and was attributed 
to trapping. However direct measurements of the traps 
were missing so far. 

Due to the high trap densities in the investigated 
methanofuUerenes in the order of 10^^ m~'^, which is in 
the range of charge carrier densities of operating solar 
cells [5SJ [2S], a strong influence on the solar cell per- 
formance can be expected. Although, bisPCgiBM has 
successfully been used in P3HT:fullerene photovoltaic de- 
vices, a reduced photocurrent was observed compared to 
solar cells using PCeiBM as acceptor [HJ[T31[17]. Thereby, 
the reduced photocurrent is not due to a lower free po- 
laron generation yield (as might be assumed because of 
the lower electron affinity of bisPCeiBM compared to 
PCgiBM). Even a higher charge photogeneration effi- 
ciency in the PSHTtbisPCeiBM blend was demonstrated 
by transient absorption spectroscopy [57]. Instead, the 
loss in short circuit current was attributed to the signifi- 
cantly lower (about one order of magnitude) electron mo- 
bility in bisPCeiBM compared to PCgiBM [lH?]. This 
increases the recombination probability during charge ex- 
traction and therefore reduces the photocurrent. The 
lower mobility of bisPCgiBM is in agreement with our 
measurements, showing a higher trap density and deeper 
trap states in bisPCgiBM compared to PCgiBM. Fur- 
thermore, a slower decay of transient absorption inten- 
sity was observed in the blends with bisPCgiBM [27] . 
This was attributed to trapping and detrapping events 
resulting in a delay in the bimolecular recombination of 
charges. Our measurements reveal the presence of deeper 
trap states in bisPCgiBM, leading to a slower release of 
trapped charges, which is in agreement with the reported 
reduced recombination dynamics. 

Protracted charge carrier decay dynamics, with a 
charge carrier density dependence larger than order of 
two, are often reported in organic solar cells [2S1 [5S] 



and are attributed to trapping of charges. Due to the 
high trap densities in the methanofuUerenes, which are 
even higher than the reported trap density of pristine 
P3IIT J3D], the recombination dynamics should be also 
significantly influenced by the acceptor, not only by the 
donor polymer. Because of the higher trap densities and 
deeper traps in bisPCgiBM and PC71BM we expect even 
stronger dependences of the charge carrier decay on the 
charge carrier density in blends with bisPCgiBM and 
PC71BM than in those with PCeiBM. 



3. CONCLUSIONS 

We investigated the trap states in PCeiBM, PC71BM 
and bisPCgiBM by thermally stimulated current mea- 
surements. The lower limit of the trap densities for each 
of the three methanofuUerenes yields values in the order 
of 10^^ m~'^ with the highest trap density for bisPCgiBM 
of >2.3 X lO'^'^ m^^. The activation energies of the most 
prominent traps in PC71BM are 96 meV and 223 meV 
and 184 meV for bisPCgiBM. Both reveal significantly 
deeper traps than PCeiBM, with an activation energy 
for the dominant trap of about 86 meV. These findings 
are consistent with the observed lower device currents 
in forward bias of the PC71BM and bisPCgiBM diodes. 
Additional fractional TSC measurements on PCgiBM re- 
vealed a broad trap distribution instead of discrete trap 
levels with activation energies ranging from 15 meV to 
270 meV. 



4. EXPERIMENTAL SECTION 

The fullerene derivatives PCeiBM ([6,6]-phenyl C61 
butyric acid methyl ester) (purity 99.5 %), bisPCgiBM 
(bis[6,6]-phenyl C61 butyric acid methyl ester) (purity 
99.5 %) and PC71BM ([6,6]-phenyl C71 butyric acid 
methyl ester) (purity 99 %) in planar diode structures 
were used, prepared as follows. Structured indium 
tin oxide (ITO)/glass substrates were cleaned suc- 
cessively in soap water, acetone and isopropanol for 
at least 10 min in an ultrasonic bath. Afterwards, 
poly(3,4-ethylenedioxythiophene):(polystyrenesulfonate) 
(PEDOT:PSS) was spin coated on the substrates to serve 
as anode (thickness about 40 nm) . After transferring the 
samples into a nitrogen filled glovebox a heating step of 
130 °C for 10 min was applied. The fullerene derivatives 
were spin coated from chloroform solution (PCgiBM: 
30 mg/ml 600 rpm, bisPCeiBM and PC71BM: 20 nig/ml 
800 rpm). The layer thicknesses were about 200 nm as 
measured with a profilometer. LiF (1 nm)/Al (120 nm) 
top contacts were evaporated thermally (base pressure 
during evaporation < 1 x 10~^ mbar). The effective areas 
of the devices were about 9 mm^. Fullerene derivatives 
were purchased from Solenne and used without further 
purification. PEDOT:PSS was purchased from H. C. 
Starck (CLEVIOS P VP Al 4083). 



Initial current -voltage (IV) characteristics were mea- 
sured in the nitrogen glovebox. Thermally stimulated 
current (TSC) measurements were performed in a closed 
cycle cryostat with Helium as contact gas. Via an inte- 
grated lock, the samples were transferred from the glove- 
box to the cryostat, avoiding potential degradation of the 
samples due to air exposure. Trap filling was achieved 
by illumination of the samples at 18 K for five min- 
utes using a 10 W high power white light emitting diode 
(Seoul). After a dwell time of five minutes the tem- 
perature was increased with a constant heating rate of 
6.9 K/min up to 300 K. The TSC signals were detected by 
a Sub-Femtoamp Remote Source Meter (Keithley 6430) 
without applying an external field, implying that the de- 
trapped charge carriers were extracted from the samples 
only due to the built-in voltage. Further details of the 



TSC measurements are described elsewhere [501151] . 
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